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Abstract 
Ge1-xSnx alloy nanocrystals and Ge1-xSnx/CdS core/shell nanocrystals were prepared via 
solution phase synthesis and their size, composition, and optical properties were characterized. 
The diameter of the nanocrystal samples ranged from 6 to 13 nm. The crystal structure of the 
Ge1-xSnx materials was consistent with cubic diamond phase while the CdS shell was consistent 
with the zinc blende polytype. Inclusion of Sn alone does not result in enhanced 
photoluminescence intensity, however, adding an epitaxial CdS shell onto the Ge1-xSnx 
nanocrystals does enhance the photoluminescence up to 15× over Ge/CdS nanocrystals with a 
pure Ge core. More effective passivation of surface defects—and a consequent decrease in 
surface oxidation—by the CdS shell as a result of improved epitaxy (smaller lattice mismatch) is 
the most likely explanation for the increased photoluminescence observed for the Ge1-xSnx/CdS 
materials. With enhanced photoluminescence in the near-infrared, Ge1-xSnx core/shell 
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nanocrystals might be useful alternatives to other materials for energy capture and conversion 
applications and as imaging probes. 
 
Introduction 
 Ge-based materials have garnered significant attention recently as alternatives to other 
well-studied luminescent semiconductors, such as cadmium and lead chalcogenides.1, 2 Materials 
made of elemental Ge have band gaps in the 0.67 to 1.6 eV range for bulk and highly confined 
(~2-3 nm) nanocrystals, respectively.3 The large blue shift in the band gap of the nanocrystals is 
due to size-dependent quantum confinement. Though prone to oxidation when uncoated, Ge 
nanocrystals have been shown to exhibit increased stability as well as enhanced 
photoluminescence when a suitable shell is added.4, 5 
 Ge initially would seem to have limited utility in energy applications due to its inherent 
indirect band gap, which lowers its absorption cross-section and quantum yields. Recent reports 
suggest incorporation of Sn into Ge nanocrystals and thin films should produce a more direct 
band gap as a result of lattice strain.6-8 For thin films, modifying the substrate on which the films 
are grown also allows the strain to be tuned while keeping the Sn composition constant.9 A 
careful study of the bowing parameter on Ge1-xSnx films showed the crossover Sn content to be x 
= 0.087, which was higher than previously predicted.10 It has also been shown by Senaratne et al. 
that n-type doping of Ge1-xSnx films enhances the photoluminescence.11 Recently, Stange et al. 
demonstrated a strain-dependent indirect-to-direct band gap transition in Ge0.875Sn0.125 thin films 
grown on Ge buffer layers.12 Band gap characteristics of related Ge-rich Ge1-xSix films have also 
been studied as a step toward the design of ternary systems based on Si, Ge, and Sn.2 
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Over the last decade, various methods to prepare Ge nanocrystals have been developed. 
Reduction of germanium halides (GeCl4, GeBr2, GeI2 or GeI4) using strong reducing agents 
(NaBH4, LiAlH4, etc.) in the presence of suitable surfactants [oleylamine, octadecene (ODE), 
trioctylphosphine (TOP)] is widely used to make monodisperse Ge nanocrystals.13-22 Heating a 
solution of GeBr2 or GeI2 with a surfactant has also been shown to generate Ge nanocrystals.23-25 
Co-reduction of GeI2 and GeI4 is another common strategy for generating Ge nanocrystals in the 
~2-20 nm size regime, where the precursor ratio controls the particle size.3, 26-30 The 
polymerization of [Ge9]4- or other related Zintl ions, both with and without linking cations such 
as Ge4+ or Pt2+, generates highly ordered, porous Ge nanocrystals.31-35 Other preparations involve 
reduction of Ge-rich oxides,36-41 heat-assisted reduction of the GeH2 Wittig adduct 
Ph3PCMe2·GeH2·BH3,42, 43 laser photolysis of Ge(CH3)4 or GeH4 gas,44-46 photolysis of Ge 
wafer,47 electroless deposition on preformed Ag nanocrystals,48 Au-catalyzed vapor-liquid-solid 
growth using GeH449 or diphenylgermane,50 ultrasonic aerosol pyrolysis of tetrapropylgermane,51 
solution or solid phase reduction of NaGe,52 plasma decomposition of GeCl453-55 or GeH4,56 
sulfur-assisted thermal decomposition of triphenylgermanium chloride,57 and heating a solution 
of an alkylgermane in various high-temperature organic solvents.58  
The preparation of Ge-Sn alloy nanocrystals typically follows one of the aforementioned 
strategies with the addition of a suitable Sn precursor, such as tin(II) chloride (SnCl2) or 
bis(trimethylsilyl)amide [Sn(HDMS)2].6, 59 A recent report showed the bottom-up formation of 
Ge1-xSnx nanowires grown from Sn nanocrystals.60 The concentration of Sn in these nanowires 
was found to be 12.4 atom% (x = 0.124). Ge1-xSnx nanowires have also been formed from mixed 
Ge(II) and Sn(II) imido cubane precursors.61 Spherical, Sn-rich Ge-Sn nanocrystals within a Ge 
matrix were prepared by annealing a Ge-Sn alloy layer cast between two thick layers of Ge.62 
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Small aspect ratio Ge-Sn nanorod heterostructures have been prepared in one-pot through 
sequential additions of Sn and Ge precursors.63 There are also several reports on Ge-Sn alloy thin 
films to study strained and relaxed phases.7, 9, 64, 65 
Raman spectroscopy is very useful for the characterization of multiple component 
inorganic materials. It can be used to characterize amorphous vs. crystalline materials58 and to 
determine strain within alloy systems.6, 60, 61 Lin et al. independently found the contributions of 
alloy composition and strain to the shift in the Ge-Ge longitudinal optical (LO) phonon in Ge1-
xSnx films by tuning substrate topology.9 They found a linear dependence between the Raman 
shift and film strain (Δω = -(563 ± 34)ε cm-1) as well as Sn composition (Δω = -(82 ± 4)x cm-1) 
where ε is the strain (in fractional form) and x is the Sn composition. Esteves et al. measured the 
Ge LO phonon mode by Raman spectroscopy for spherical Ge1-xSnx nanocrystals with increasing 
Sn content up to x = 0.279.6 Increasing Sn content was associated with a lower Raman shift from 
~294 to 287 cm-1, which they attributed to combined alloy composition and lattice strain. Using 
Raman spectroscopy and scanning tunneling electron microscopy with energy dispersive X-ray 
spectroscopy (STEM-EDX), Seifner et al. correlated a shift in the LO phonon mode with varying 
Sn content for Ge1-xSnx nanorods.61 A maximum shift in the LO phonon mode of -15 cm-1 was 
observed for nanorod sections where the mole fraction of Sn was at least 0.20. Similar behavior 
in Ge1-xSnx nanorods was observed by Biswas and coworkers.50  
X-ray photoelectron spectroscopy (XPS) is another technique well suited to characterize 
Ge materials since they are prone to oxidation. XPS data for Ge1-xSnx nanocrystals synthesized 
by Ramasamy et al. showed typical peaks corresponding to Ge0, Ge2+, Ge4+, Sn0, and a broad, 
overlapping peak for Sn2+ and Sn4+.59 Relatively high ratios of the metallic peak to the oxidized 
peaks correlate to very little surface oxidation of these nanocrystals. Esteves and coworkers 
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observed similar results, where three types of peaks were present: metallic Ge0 and Sn0 peaks 
from interior atoms, Ge2+ and Sn2+/4+ peaks from atoms bound to passivating ligands, and a small 
Ge4+peak from GeO2 at the surface.6 It has also been shown by XPS that treating Ge nanocrystals 
with dilute HCl removed a high percentage of a GeO2 layer at the surface, with weakly bound Cl- 
acting as a passivating ligand.45 Indeed, all reports on the preparation of Ge nanocrystals where 
XPS was performed show strong peaks for Ge0 and small contributions from oxidized species, 
whether they are attributed to surface ligands and/or surface oxidation (GeO2).19, 29, 66 
The photoluminescence (PL) properties of Ge-based materials are highly sensitive to the 
resultant size of the nanocrystals as well as other properties such as the capping ligand used.3, 4, 
18, 53, 67 Lee et al. prepared Ge nanocrystals stabilized with 1-octadecene that exhibited 
luminescence maxima from 900 to 1400 nm for diameters 3.2 to 4.0 nm.18 Ruddy and coworkers 
demonstrated luminescent 2.3-4.7 nm nanocrystals capped with 1-octadecene prepared by co-
reduction of GeI2 and GeI4 with size-dependent near-infrared PL from 860-1230 nm.3 Guo et al. 
demonstrated 7 nm Ge/4.9CdS core/shell nanocrystals that exhibited a PL maximum at 950 nm.4 
Wheeler and coworkers showed 4.8-10.2 nm Ge nanocrystals capped with alkyl chains 
synthesized in the vapor phase that exhibit PL from 1200-1610 nm.53 Recently, Robel and 
coworkers monitored the combined effect of temperature and high magnetic field on the PL 
lifetimes of Ge nanocrystals, which showed splitting between closely-spaced states as well as 
mixing between dark and bright states all contribute toward the indirect PL.67 The intricacies of 
these widely varying optical properties are not clear: surface states very likely play a role for the 
luminescence in the visible region, as this extent of a blue shift from the bulk band gap is not 
explained by confinement alone. 
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Temperature-dependent PL studies have also been performed to examine the direct and 
indirect band gap contributions of Ge1-xSnx materials.68, 69 The Arachchige group has 
demonstrated highly confined Ge1-xSnx nanocrystals showing PL in the 620 to 770 nm range, 
which closely follow calculations using ab initio HSE hybrid functional theory. They also used 
time-resolved PL at low (15 K) and ambient temperatures to further understand carrier 
dynamics.70, 71 PL lifetimes at 15 K were found to be 3-27 μs, three orders of magnitude slower 
than at room temperature, owing to slow recombination of carriers in surface traps and spin-
forbidden dark excitons. Temperature effects on the PL of very thin Ge1-xSnx films have also 
been studied, showing a monotonic thermal PL quenching despite the indirect nature of the band 
gap.72  
Reported herein are the comparative solution phase synthesis, characterization, and 
optical properties of Ge1-xSnx alloy nanocrystals vs. Ge1-xSnx/CdS core/shell nanocrystals. All 
nanocrystalline samples were characterized by X-ray diffraction (XRD), transmission electron 
microscopy (TEM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and steady-
state and time-resolved near infrared PL spectroscopy. The purpose of this work is to better 
understand the photophysical properties of Sn-doped Ge-based nanocrystals that may be useful 
for energy-related applications such as photovoltaics, light emitting devices (LEDs) or, with 
appropriate surface passivation,73, 74 as near-infrared active luminescent biological markers. 
Experimental 
 Materials. Cadmium oxide (CdO, 99.998%), sulfur (S8, 99.999%) and oleic acid (90%) 
were purchased from Alfa Aesar; n-butyllithum (n-BuLi, 1.6 M hexane solution), 
bis[bis(trimethylsilyl)amido]tin(II) (Sn(HMDS)2, ≥99.0%), oleylamine (OLA, ≥80-90.0%) and 
dioctylamine (octyl2NH, 98%) were purchased from Sigma-Aldrich; hexadecylamine 
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(hexadecylNH2, 98%) and 1-octadecene (ODE, 90%) were purchased from Acros; and 
germanium(II) iodide (GeI2, 99.99+%-Ge) was purchased from Strem. Procedures were 
performed under a dry inert gas atmosphere (N2 or Ar) inside a glovebox or Schlenk line, unless 
specified otherwise. 
 Preparation of Ge and Ge1-xSnx (core) nanocrystals. Germanium cores were synthesized 
by a modified literature procedure.4 Briefly, GeI2 (0.049 g, 0.15 mmol) was added to an oven-
dry, four-neck 250 mL round-bottom (R.B.) flask containing hexadecylamine (0.75 g, 3.1 
mmol). The contents were degassed under vacuum at 80°C for 30 min, refilled with dry Ar, and 
heated to 200°C. A mixture of n-BuLi (0.2 mL of 1.6 M hexane solution) and ODE (0.75 mL) 
was quickly injected while stirring. The temperature was raised from 200°C to 300°C, and the 
mixture further stirred for 1 h before cooling to room temperature (R.T., 21°C). The nanocrystals 
were purified by crashing three times with 10 mL of a 1:1 or 1:3 v/v acetone/methanol solution 
and centrifugation at 4500 rpm for 5 min, followed by redispersion in 5 mL of toluene. 
Ge1-xSnx cores were prepared by a modified reported procedure.59 Briefly, GeI2 (0.049g, 
0.15 mmol) and oleylamine (5 mL for Ge0.95Sn0.05; 10 mL for Ge0.75Sn0.25) with a varied amount 
of Sn(HMDS)2 (0.018 g, 0.04 mmol for Ge0.95Sn0.05; 0.066 g, 0.15 mmol for Ge0.75Sn0.25) were 
added into a four-neck 250 mL round-bottom flask in a glovebox. The mixture was degassed 
under vacuum at 80 °C for 30 min, refilled with dry Ar, and heated to 230 °C for Ge0.95Sn0.05 or 
280°C for Ge0.75Sn0.25. The mixture was annealed for 30 min for Ge0.95Sn0.05 cores or 5 min for 
Ge0.75Sn0.25 cores before cooling down to R.T.. It should be noted that the exact compositions of 
Ge1-xSnx nanocrystals varied somewhat from batch to batch; the low Sn inclusion preparation 
varied from 4-8% Sn, while the high Sn inclusion preparation varied from 23-28%. For 
simplicity, these are labeled as Ge0.95Sn0.05 and Ge0.75Sn0.25, respectively.  
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Preparation of Ge/CdS and Ge1-xSnx/CdS (core/shell) nanocrystals. Ge/CdS or Ge1-
xSnx/CdS core/shell nanocrystals were prepared as follows: precursor solutions of Cd and S were 
prepared by a literature procedure.4 0.1 M Cd(oleate)2 solution: CdO (318 mg, 2.48 mmol), oleic 
acid (3.09 g, 10.9 mmol), and ODE (7.11 g, 28.2 mmol) were degassed under vacuum at 80°C 
for 60 min, refilled with Ar, and heated to 240°C until optically clear. The mixture was allowed 
to cool down to R.T., and (octyl)2NH (12.5 mL, 41.4 mmol), previously degassed at 80°C for 30 
min, injected into it. 0.1 M S8 solution: S8 (79.0 mg, 2.47 mmol) and ODE (19.7 g, 78.1 mmol) 
were degassed under a vacuum at 80°C for 30 min, refilled with Ar, and heated to 180°C for 20 
min until optically clear. 
To prepare core-shell nanocrystals with excess precursors (one-pot synthesis), a batch of 
freshly prepared Ge1-xSnx cores (in amine or amine/ODE) solution, ODE (1.5 mL, 4.7 mmol), 
and (octyl)2NH (1.5 mL, 5.0 mmol) were added to a four-neck 250 mL R.B. flask. The mixture 
was degassed at 80°C for 30 min, refilled with Ar, and heated to 230°C for Ge and Ge0.95Sn0.05 or 
250°C for Ge0.75Sn0.25). Cd and S precursors were alternately injected using two programmable 
syringe pumps, each followed by a 15 min wait. The S precursor was injected first. 15 min after 
the last Cd injection, the mixture was allowed to cool to R.T.. Core-shell nanocrystals were 
washed as described above for Ge1-xSnx nanocrystals. 
 To prepare core-shell nanocrystals without excess precursors, the procedure above was 
repeated using nanocrystal cores where excess precursors have been removed following the 
purification method above. Toluene was removed under vacuum prior to shell growth. 
 Optical Characterization. Solution optical density (absorption plus scattering) spectra 
were measured with a photodiode array 8453 UV-visible spectrophotometer (Agilent, Santa 
Clara, CA). Steady-state photoluminescence (PL) spectra were measured using a Horiba-Jobin 
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Yvon Nanolog scanning spectrofluorometer equipped with a liquid nitrogen-cooled InGaAs 
photodiode array. To account for sample concentration, PL intensities were divided by the 
optical density at the excitation wavelength of 350 nm. Photoluminescence lifetime 
measurements were performed using a previously described setup with a Nd:YAG laser 
(Continuum) and an avalanche photodiode.75 The samples in toluene solution were excited at 
532-nm with a pulse energy of 1 mJ/cm2. The time-resolved photoluminescence was collected 
using an 800-nm long-pass filter and the decay trace was fit to a single or double exponential 
decay as needed. 
Raman microspectroscopy was performed on nanocrystals using a 532-nm Sapphire SF 
laser (Coherent, Santa Clara, CA) illuminating a DM IRBE inverted light microscope (Leica 
Microsystems, Buffalo Grove, IL) fitted with a 100× oil (1.47 NA) objective. The nanocrystal 
solutions were drop cast onto glass slides and dried under ambient conditions. The scattered light 
was passed into a HoloSpec spectrometer (Kaiser Optical Systems, Ann Arbor, MI) equipped 
with a Newton 940 CCD camera (Andor Technology, Belfast, United Kingdom). The laser 
power density was 1.3 × 104 W/cm2 with a laser spot size of 1 μm, and the acquisition time was 
60 s. The data were plotted using IGOR (WaveMetrics, Portland, OR). 
Infrared spectroscopy was performed on a Bruker Vertex 80 FT-IR spectrometer 
equipped with a MIR_IR_XPM detector with 16 scans at a resolution of 4 cm–1. The samples 
were prepared as drop cast thin films on NaCl salt plates. Background spectra were collected 
under identical conditions, and samples were continuously purged with dry N2 to minimize water 
vapor absorbance. 
 Structural Characterization. Powder X-ray diffraction (XRD) was measured using Cu Kα 
radiation on a Rigaku Ultima diffractometer. X-ray photoelectron spectroscopy (XPS) 
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measurements were performed using a Kratos Amicus/ESCA 3400 instrument. The sample was 
irradiated with 240 W non-monochromated Mg Kα x-rays, and photoelectrons emitted at 0 ° 
from the surface were analyzed using a DuPont-type analyzer. The pass energy was set at 75 eV. 
CasaXPS was used to process raw data files. The binding energy of C 1s at 284.6 eV was used as 
a reference. Depth profiling was performed using monoatomic Ar ion sputtering for 8 s, followed 
by XPS acquisition. The acceleration voltage used was 500 V in order to minimize ion-induced 
reduction. Sample rotation during sputtering was used to achieve uniform etching. Transmission 
Electron Microscopy (TEM) was conducted using a FEI Tecnai G2 F20 field emission TEM 
operating at up to 200 kV. Samples were prepared by placing 1 or 2 drops of concentrated 
toluene solutions onto carbon-coated copper grids. Elemental composition was characterized by 
energy-dispersive spectroscopy (EDX). Nanocrystal dimensions were measured with ImageJ. 
The longest dimension was measured and reported. At least 300 nanocrystals were counted in 
each case. Uncertainties in all measurements are reported as standard deviations. 
Results and Discussion 
Synthesis and Characterization of Ge1-xSnx Core Nanocrystals. Ge, Ge0.95Sn0.05, and 
Ge0.75Sn0.25 nanocrystals were prepared and characterized by powder X-ray diffraction (XRD). 
Patterns of Ge1-xSnx nanocrystals shown in Figure 1 confirm the crystalline products are 
homogeneous nanoalloys of Ge and α-Sn in the cubic diamond phase with 𝐹𝐹𝐹𝐹3𝑚𝑚 space group. 
The composition of Sn incorporated in the cubic Ge lattice was calculated based on Vegard’s 
Law: 𝑎𝑎(𝐺𝐺𝐺𝐺1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥) = 𝑎𝑎(𝑆𝑆𝑆𝑆)(𝑥𝑥) + 𝑎𝑎(𝐺𝐺𝐺𝐺)(1− 𝑥𝑥). Here, 𝑎𝑎 is the lattice parameter of the sample or 
standard and 𝑥𝑥 is the composition of Sn in the nanocrystal. Structural parameters of the Ge and 
Ge1-xSnx nanocrystals, as well as CdS, are shown in Table 1 and Figure 2. The shift in the 
diffraction peak to lower 2θ angles indicates a lattice expansion from 5.658 Å (Ge) to 5.706 Å 
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(Ge0.95Sn0.05) and 5.870 Å (Ge0.75Sn0.25). To ensure the measured peak shift was not due to any 
measurement variables, such as the sample height in the XRD instrument, Si powder was used as 
an internal standard to align the experimental pattern for all samples. As is often the case in low 
temperature, solution-synthesized nanocrystals,5 the molar ratios of Ge:Sn used in the synthetic 
preparations were not conserved in the nanocrystal. For instance, the Ge0.75Sn0.25 sample was 
prepared from a 1:1 molar ratio of Ge:Sn. This could be explained, in part, by the comparatively 
large cationic radius of Sn2+ compared to Ge2+, which contributes to Sn having a relatively low 
solubility in bulk Ge of about ~1%.76 However, Sn incorporation as high as 42% has been 
reported in Ge1-xSnx nanocrystal alloys,59 likely because solution phase nanocrystal syntheses are 
often kinetically and not thermodynamically controlled. 
 
 
Figure 1. Experimental powder X-ray diffraction (XRD) patterns of Ge and Ge1-xSnx alloy nanocrystals. 
The standard powder XRD patterns of bulk Ge, α-Sn, and Si diamond (* = used as an internal standard) 
are shown for comparison. 
  
12 
 
Table 1. Structural parameters of Ge and Ge1-xSnx nanocrystals. 
Material Crystal structure  Lattice parameter (Å) Lattice mismatcha 
CdS zinc blende 5.832 0 
Ge diamond 5.658 +3.0% 
Ge0.95Sn0.05 diamond 5.706 +2.2% 
Ge0.75Sn0.25 diamond 5.870 -0.65% 
a∆a = 100 × (ashell - acore)/(acore); signs refer to shell-induced core expansion (+) or compression (-). 
 
 
Figure 2. Lattice parameter of Ge1-xSnx nanocrystals as a function of Sn incorporation. Ge0.75Sn0.25 
nanocrystals have the smallest lattice mismatch with the cubic CdS (5.832, horizontal dashed line), 
compared to Ge or Ge0.95Sn0.05. The dashed gray line is a linear regression to the data. 
  
To accurately characterize the morphology and size of the nanocrystals, TEM images 
were collected (Figure 3). Size histograms for each sample are shown in Figure S1. Overall, the 
samples are well dispersed spheroidal nanocrystals with crystal sizes of 6 ± 1 nm (Ge), 6 ± 1 nm 
(Ge0.95Sn0.05), and 11 ± 2 nm (Ge0.75Sn0.25). Adding more Sn precursor always leads to larger 
core particles. In an effort to make Ge1-xSnx cores comparable in size to Ge cores, we lowered the 
precursor solution concentration and shortened the reaction time. However, while this approach 
works well for Ge0.95Sn0.05 with a particle size of 6 ± 1 nm, the smallest Ge0.75Sn0.25 we could 
synthesize still has a relatively large particle size of 11 ± 2 nm. In addition to TEM, energy 
dispersive spectrometry (EDX) was performed to assess the particle composition and 
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homogeneity (Table 2). EDX data of Ge1-xSnx nanocrystals shows good agreement with the 
theoretical elemental composition calculated by Vegard’s Law. 
Table 2. TEM-EDX analysis of Ge, Ge1-xSnx and Ge1-xSnx/CdS nanocrystals. 
Sample Size (nm) Composition: Ge, Sn, Cd, S 
Theoretical 
(%)a 
EDX (%) 
Ge 6 ± 1 100, 0, 0, 0 100, 0, 0, 0 
Ge0.95Sn0.05 6 ± 1 95, 5, 0, 0 90 ± 1, 10 ± 1, 0, 0 
Ge0.75Sn0.25 11 ± 2 75, 25, 0, 0 78 ± 3, 22 ± 3, 0, 0 
Ge/3.4CdS 8 ± 2 19, 0, 41, 41 7 ± 1, 0, 49 ± 1, 44 ± 1 
Ge0.95Sn0.05/3.4CdS 8 ± 2 29, 2, 35, 35 67 ± 9, 8 ± 7, 18 ± 8, 7 ± 3 
Ge0.75Sn0.25/3.4CdS 13 ± 2 28, 9, 31, 31 58 ± 3, 4 ± 2, 16 ± 2, 22 ± 1 
aBased on a 100% GexSn1-x/CdS composition.  
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Figure 3. Ge1-xSnx core and Ge1-xSnx /CdS core/shell nanocrystals: (a) Ge (6 ± 1 nm), (b) Ge/CdS (8 ± 2 
nm), (c) Ge0.95Sn0.05 (6 ± 1 nm), (d) Ge0.95Sn0.05/CdS (8 ± 2 nm), (e) Ge0.75Sn0.25 (11 ± 2 nm), (f) 
Ge0.75Sn0.25/CdS (13 ± 2 nm). The average size measured from more than 300 nanocrystals is provided in 
parentheses. 
 
Raman spectra for the Ge-Ge LO phonon mode of pure Ge and Ge1-xSnx alloy 
nanocrystals are shown in Figure 4a. As the Sn content is increased, the Ge LO phonon mode is 
shifted by -1.2 cm-1 (Ge0.95Sn0.05) and -4.4 cm-1 (Ge0.75Sn0.25). For the Ge1-xSnx alloy system, two 
additive factors determine the observed peak shift in the Ge-Ge LO phonon: the compositional 
(pure mass) effect and lattice strain. Deconvoluting the compositional effect and strain has been 
performed on films, where substrate conditions allow for tuning the strain.9, 64, 65, 77, 78 For small 
nanocrystals it is likely that the compositional effect dominates since strain within the alloy can 
be dissipated due to a high surface area.50 The smaller Raman shifts are thus primarily attributed 
to the larger Sn atoms expanding the crystal lattice as shown by XRD; longer (weaker) bonds are 
associated with a shift to lower energies. A plot of the Sn compositional dependence of the Ge-
Ge LO phonon is shown in Figure 4b. For two batches of Ge1-xSnx nanocrystals prepared in the 
same way the best-fit line produced different slopes despite similar compositions being measured 
by XRD: Δω(x) = -(17 ± 1)x and Δω(x) = -(42 ± 5)x where x is the Sn composition. At present, 
it is unclear why the two sets of experiments showed different compositional dependence, and 
why these values are different than those reported for nanorods50 and strain-free films65—further 
experiments are underway to investigate this. The line traces shown in Figure 4a are two-peak 
Gaussian fits to the experimental spectra to account for asymmetry at lower Raman shifts. 
Asymmetry in the phonon peaks of small nanocrystals is attributed to contributions from surface 
optical (SO) phonons, which are typically slightly lower in energy than the corresponding LO 
phonons.79, 80 SO phonons are more prominent for anisotropic crystals.81 The Sn-Ge LO phonon 
was not observed in the Raman spectrum of the nanoalloy, which is consistent with previous 
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work on thin films.65 A Raman spectrum of GeO2 was also acquired to investigate the possibility 
of interference from surface oxidation (Figure S2), but no GeO2 bands are observed in the 280 to 
320 cm-1 Ge-Ge LO phonon range, which is consistent with the literature.82 Likewise, no 
additional bands that correlate to GeO2 were observed outside this spectral range for the Ge and 
Ge1-xSnx nanocrystal samples. 
 
 
Figure 4. (a) Normalized Raman spectra for Ge and Ge1-xSnx alloy nanocrystals and (b) Sn compositional 
dependence of Ge-Ge LO phonon peak position. As the Sn content increases, the Ge LO phonon peak is 
shifted to lower wavenumbers and the FWHM increases. Spectra were fit to 2-peak Gaussian curves 
(solid lines) to account for asymmetry. Average Raman peak properties are listed in Table S1.  
 
 
Synthesis and Characterization of Ge1-xSnx/CdS Core/Shell Nanocrystals. Freshly 
synthesized Ge1-xSnx cores were reacted with Cd and S precursors alternately to form CdS shells 
using the successive ion layer adsorption and reaction (SILAR) method.4, 83 Two preparation 
methods were employed: one using the synthetic mixture of the Ge1-xSnx cores without removing 
the residual precursors (one-pot synthesis), referred to as the crude Ge1-xSnx sample, and the 
second using cores re-suspended in toluene after purification via centrifugation, referred to as the 
purified Ge1-xSnx sample. The XRD patterns and Raman spectra of the crude Ge1-xSnx samples 
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showed unwanted SnS (Figure S3). Because the core/shell synthesis using crude core solutions 
did not generate monodisperse core/shell nanocrystals, all core/shell samples discussed in the 
remaining text were prepared using purified cores. Figure 5 shows XRD patterns of the 
core/shell nanocrystals. The Ge/CdS sample showed mainly hexagonal wurtzite structure. 
Ge/CdS nanocrystals with a predominately wurtzite structure have been reported previously for a 
preparation using crude core solution.4 Polytypism in group IV and II-VI nanocrystals, as well as 
in their epitaxial (core/shell, etc.) systems is relatively common, and can be size-dependent.84-86  
 
 
 
Figure 5. Experimental powder X-ray diffraction (XRD) patterns of Ge/CdS and Ge1-xSnx/CdS core/shell 
nanocrystals. The standard powder XRD patterns of bulk CdS zinc blende (cubic), CdS wurtzite 
(hexagonal), and Si diamond (* = used as an internal standard) are shown for comparison. 
 
To make the core/shell nanocrystals with different Sn incorporations comparable, we 
grew CdS shells with similar thicknesses. TEM images in Figure 3 show, in all cases, the 
core/shell nanocrystals increase 2 nm in diameter compared to their uncoated or bare cores. 
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When compared to the known lattice parameter of CdS (either wurtzite or zinc blende give 
similar results), this shell thickness corresponds to the growth of 3.4 monolayers of CdS on the 
Ge1-xSnx cores. Area EDX scans containing several Ge1-xSnx cores agree with their theoretical 
elemental composition; albeit the Ge content in Ge1-xSnx /CdS core/shells appears to be larger 
than the theoretical value. EDX elemental mapping of individual particles show that a majority 
of Ge1-xSnx cores are coated with CdS (Figure S4). Many of these core/shell particles have a 
relatively inhomogeneous shell, which is consistent with well-documented studies on CdSe/CdS 
core/shell nanocrystals.73, 74, 87-89 
As in the classical CdSe/CdS system, inhomogeneous surface coverage in Ge1-xSnx /CdS 
core/shell nanocrystals is not an immediate problem, at least in terms of ensemble optical 
properties, as it is able to provide enough surface passivation to enhance and stabilize PL 
compared to the bare Ge1-xSnx cores. High resolution high-angle annular dark-field (HAADF) 
STEM images of a Ge0.75Sn0.25/CdS nanocrystals (Figure S5) show the presence of continuous 
lattice fringes throughout each particle. 
Raman spectra for the Ge1-xSnx/CdS core/shell nanocrystals are shown in Figure S6. The 
Raman shift of the Ge-Ge LO phonon mode for the Ge/CdS nanocrystals is shifted by a 
statistically significant +1.1 cm-1 relative to the nanocrystals without a shell. This implies the 
shell generates compressive strain on the core, due to the smaller lattice parameter of CdS 
wurtzite compared to Ge (Ge = 5.658 Å, CdS wurtzite a = 4.135 Å). If CdS (with a peak 
maximum at 300 cm-1) spectrally interfered with the Ge LO optical phonon mode (with a peak 
maximum <296 cm-1 in the core material), we would expect the peak FWHM to increase. We 
conclude that CdS does not spectrally interfere in our data, as the peak FWHM is the same or 
slightly decreased for the core/shell nanocrystals. In addition, no peaks were measured for pure 
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CdS nanocrystals measured under similar acquisition parameters as those used to collect the data 
in Figure S6. For the Ge1-xSnx core/shell samples, the shifts in the LO phonon mode upon shell 
addition are insignificant (Table S1). The lattice parameter for CdS zinc blende (5.82 Å) is 
closer to the lattice parameter of the alloy core materials (Table 1), particularly Ge0.75Sn0.25, 
which is consistent with minimal compressive strain and a negligible phonon mode shift. The 
smaller lattice mismatch between the Ge1-xSnx core nanocrystals and the CdS shell facilitates 
epitaxial growth of the latter. 
X-Ray Photoelectron Spectroscopy of Ge/CdS and Ge1-xSnx/CdS Core/Shell Nanocrystals. 
XPS survey spectra of all core/shell nanocrystal samples are shown in the supporting information 
(Figure S7). XPS depth profiling was performed to reveal the sub-surface information of the 
Ge/CdS core/shell nanocrystals and to corroborate the formation of a core/shell structure (Figure 
6). We analyzed the chemical states of Ge, Cd, and S. There is no Ge signal above the noise in 
the initial etching cycles. After a few etching cycles, emerging peaks at ~29.5 eV in the Ge 3d 
energy region and ~1217 and 1250 eV in the Ge 2p energy region that correspond to metallic 
Ge0 were measured, along with a shoulder peak at ~32-33 eV corresponding to Ge2+/4+ (Figure 
6a). These data are consistent with the chemical state of purified Ge core without any shell 
growth (Ge0), which exhibits a peak at ~29.5 eV, and mild surface oxidation (Ge2+/4+). 
Furthermore, the core/shell nanocrystals exhibited peaks throughout the etching at ~405 and 
~412 eV corresponding to Cd, and a peak at ~162 eV, which corresponds to S2- (Figure 6c-d). 
This substructure information provides confirmation for the chemical speciation of the core/shell 
structure of Ge/CdS nanocrystals. 
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Figure 6. XPS depth profiles of Ge/CdS core/shell nanocrystals. Depth profiling uses an ion beam to etch 
the layers of the sample revealing sub-surface information; each etching cycle is 8 s and total etching time 
is indicated by the color of the spectra. Ge nanocrystals with no shell are shown as dashed lines in (a) and 
(b) for reference, and all the spectra are calibrated to adventitious carbon at 284.6 eV. 
 
We similarly analyzed the chemical states of Ge, Sn, Cd, and S in the purified Ge1-xSnx 
and Ge1-xSnx/CdS core/shell nanocrystals (Figure 7). XPS confirms the element distribution in 
alloy nanocrystals. The Ge 3d peak at ~29.5 eV and a shoulder around ~32-33 eV corresponds to 
Ge0 and Ge2+/4+ species, respectively. The peak at ~486 eV corresponds to Sn4+ species (SnO2). 
Ge and Sn in higher oxidation states indicate post-synthetic surface oxidation. The core/shell  
20 
 
 
 
Figure 7. X-ray photoelectron spectra (XPS) of (a-b) Ge0.95Sn0.05 , (c-d) Ge0.95Sn0.05/CdS, (e-f) 
Ge0.75Sn0.25, and (g-h) Ge0.75Sn0.25/CdS nanocrystals. All the spectra are calibrated to adventitious carbon 
at 284.6 eV. 
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Luminescence Properties of Ge1-xSnx Core and Ge1-xSnx/CdS Core/Shell Nanocrystals. 
The solution phase optical density spectra of Ge and Ge1-xSnx nanoscrystals show no prominent 
absorption features (Figure 8), which could be due to the small bandgap (0.66 eV, 1876 nm for 
bulk Ge, Figure S8) being out of our instrument range. The Ge1-xSnx/CdS core/shell nanocrystals 
have absorption onsets at 450-500 nm, which is consistent with the bandgap of quantum 
confined CdS shells (Figure S8).90  
 
 
 
Figure 8. Solution phase optical density (absorption and scattering) spectra of Ge, Ge1-xSnx, Ge/CdS and 
Ge1-xSnx/CdS nanocrystals suspended in toluene. 
  
 
Photoluminescence spectra of the nanocrystals corrected for optical density at the 
excitation wavelength of 350 nm are shown in Figure 9. For the nanocrystals without shells, the 
signals from all samples were too low to confidently discriminate them from the instrument's background. 
This means there is no detectable PL from any of the core-only nanocrystals. Sn inclusion in the 
alloy nanocrystals is thus not associated with an increase in luminescence intensity. Assuming 
the doped and undoped samples had similar surface defects and surface oxidation, there is no 
indication that a more direct band gap character was achieved in the Sn-doped nanocrystals, as 
an enhanced PL response was not measured. On the other hand, all the core/shell nanocrystals 
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display an enhanced near infrared PL compared to the Ge1-xSnx and Ge nanocrystals without 
shells. With a bulk band gap of 0.66 eV (Figure S8), the PL spectra indicate these core/shells are 
also quantum confined. The PL enhancements of Ge0.75Sn0.25/CdS and Ge0.95Sn0.05/CdS were 15× 
and 12× greater than Ge/CdS, respectively. The luminescence intensity decreases when oxidation 
is measured by the presence of a Ge-O band in the FT-IR spectrum. Ge0.75Sn0.25/CdS core/shells 
where no oxidation was present show the highest PL intensity. In another set of experiments 
where oxidation was measured by FT-IR spectroscopy (for example Figure S9 shows an 
example of oxidation in the Ge0.75Sn0.25 sample), the oxidized core/shells exhibited 100× lower 
luminescence than the non-oxidized Ge0.75Sn0.25/CdS sample (Figure 9). The observed PL 
enhancement is most likely due to more effective surface passivation by the CdS shell on the 
Ge1-xSnx cores, because Sn inclusion in the core without the shell did not result in a higher PL 
response (see above), whereas oxidation reduces luminescence. Considering the lattice 
parameters of the core and shell, doping the core with Sn leads to improved epitaxy (smaller 
lattice mismatch with the shell). This may produce improved crystal growth for core/shell 
nanocrystals with fewer defects within the crystals that can quench photoluminescence. 
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Figure 9. Relative near infrared photoluminescence (PL) spectra of the Ge and Ge1-xSnx cores and 
requisite core/shell nanocrystals. The intensity is normalized by the optical density at the excitation 
wavelength, λexc = 350 nm. The Ge, Ge0.95Sn0.05, Ge0.75Sn0.25, and oxidized Ge0.75Sn0.25/CdS samples 
overlap on this scale. 
 
  
Excited-state lifetime measurements for the core/shell nanocrystals are shown in Figure 
10. These measurements were performed on only the core/shell nanocrystals because the PL 
intensity of the core-only particles was too low to measure the lifetimes. The Ge/CdS 
nanocrystals yielded a lifetime of 4.1 µs, which is similar to the previous finding of Guo et al.4 
Upon incorporation of Sn in the Ge core, the PL lifetimes decreased to 2.8 and 1.0 µs for 
Ge0.95Sn0.05/CdS and Ge0.75Sn0.25/CdS, respectively. The observed decrease in PL lifetime along 
with higher steady state PL intensity in the core/shell nanocrystals could be indicative of a more 
direct band gap. However, there may be no correlation between the steady state PL intensity and 
the lifetimes of these materials. In order to correlate these two measurements, one would have to 
show the emitting states are the same for all types of nanocrystals; however, and unlike the case 
of coating cores of the exact same material but having different sizes, there is no reason to 
24 
 
assume this is the case for our series because they are based on chemically distinct cores 
(materials with different doping levels). 
 
 
 
Figure 10. Time-resolved photoluminescence traces of Ge/CdS, Ge0.95Sn0.05/CdS, and Ge0.75Sn0.25/CdS 
core/shell nanocrystals. The decays of Ge/CdS and Ge0.95Sn0.05/CdS are single-exponential with lifetimes 
of 4.1 µs and 2.8 µs, respectively, while a double-exponential was used for Ge0.75Sn0.25/CdS, yielding an 
average lifetime of 1.0 µs. 
 
 Conclusion 
 Ge1-xSnx alloy nanocrystals and Ge1-xSnx core/shell nanocrystals were prepared via 
solution-based synthesis and characterized by XRD, TEM, Raman, optical, and X-ray 
photoelectron spectroscopy. Incorporation of Sn did not increase the PL intensity in the cores, 
but core/shell nanocrystals prepared using the Sn-doped cores and CdS shell show up to 15× 
enhanced PL when compared to Ge/CdS materials. This is explained by improved epitaxy 
between the lattice-expanded Sn-doped Ge cores and the structurally similar CdS shell, along 
with reduced surface oxidation. The combination of scalability and improved PL intensities 
make these Ge1-xSnx core/shell nanocrystals promising alternatives to other near infrared-active 
materials for use as functional materials in solar cells and LEDs. In addition, these nanocrystals 
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have potential as anode materials in advanced lithium ion batteries, and when combined with 
available biocompatibility steps (ligand exchange and surface-protection or encapsulation), as 
near-infrared luminescent markers in biological studies. 
 
Supporting Information 
            TEM size distribution plots; Raman spectra of GeO2 powder, Ge/CdS and Ge1-xSnx/CdS 
core/shell nanocrystals; additional HAADF STEM images with registered EDX mapping for the 
Ge0.75Sn0.25/CdS nanocrystals; a table of Raman peak locations; XPS survey spectra; FTIR 
spectra of the nancrystals; and valence and conduction band offsets for Sn, Ge, and CdS. These 
materials are available free of charge via the internet at http://pubs.acs.org. 
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